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Background: The real-world impact of remote pulmonary artery pressure (PAP) monitoring on

New York Heart Association (NYHA) class improvement and heart failure (HF) hospitalization

rate is presented here from a single center.

Hypothesis:

Methods: Seventy-seven previously hospitalized outpatients with NYHA class III HF were

offered PAP monitoring via device implantation in a multidisciplinary HF-management program.

Prospective effectiveness analyses compared outcomes in 34 hemodynamically monitored

patients to a group of similar patients (n = 32) who did not undergo device implantation but

received usual care. NYHA class and 6-minute walk testing were assessed at baseline and

90 days. All hospitalizations were collected after 6 months of the implantation date (average

follow-up, 15 months) and compared with the number of hospitalizations experienced prior to

hemodynamic monitoring.

Results: Patients in both groups had similar distributions of age, sex, and ejection fraction. After

90 days, 61.8% of the monitored patients had NYHA class improvement of ≥1, compared with

12.5% in the controls (P < 0.001). Distance walked in 6 minutes increased by 54.5 meters in

the monitored group (253.0 � 25.6 meters to 307.4 � 26.3 meters; P < 0.005), whereas no

change was seen in the usual-care group. After implantation, 19.4% of the monitored group

had ≥1 HF hospitalization, compared with 100% who had been hospitalized in the year prior to

implantation. The monitored group had a significantly lower HF hospitalization rate (0.16; 95%

confidence interval: 0.06-0.35 hospitalizations/patient-year) compared with the year prior (1.0

hospitalizations/patient-year; P < 0.001).

Conclusions: Hemodynamic-guided HF management leads to significant improvements in

NYHA class and HF hospitalization rate in a real-world setting compared with usual care deliv-

ered in a comprehensive disease-management program.
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1 | INTRODUCTION

Heart failure (HF) is a complex clinical syndrome usually associated with

multiple comorbid conditions that complicate long-term management. It

is not surprising that HF is cited as one of the most frequent reasons for

hospitalization in the United States and Europe. Approximately

26 million people worldwide are affected by chronic HF.1 Significant HF

disease modification can be achieved from drug and device therapies,

shown to significantly improve clinical outcomes in randomized con-

trolled trials, but implementation of this “layered” therapy is made diffi-

cult by polypharmacy, implantable electrical device therapies, and other

medical needs these patients may have.2–13 Consensus exists from the
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medical community regarding using neurohormonal antagonists,

implantable cardioverter-defibrillators, cardiac resynchronization ther-

apy devices, mechanical circulatory support, and transplant14 for

selected patients with chronic HF. However, several prospective rando-

mized clinical trials involving >6000 patients, evaluating telemonitoring

of signs, symptoms, daily weights, or other implanted device–based

technologies, along with frequent telephone communications with HF

patients, have failed to impact the need for HF hospitalizations once

guideline-directed medical care is established.15–21

Clearly, new remote management strategies are needed to focus on

maintaining stability of patients with chronic HF to decrease hospitaliza-

tions.22 Remote monitoring should account for several components of

the pathophysiology contributing to decompensation, including detec-

tion of exogenous volume accumulation and endogenous volume redis-

tribution along with pulmonary vascular remodeling, all of which result in

increased pulmonary artery (PA) pressure, which then leads to dyspnea

on exertion or more severe symptoms at rest, requiring intravenous

medical therapy to return the patient to a less symptomatic state.

Monitored parameters must also provide actionable data that are

useful not only for early detection of decompensation, but also to

guide therapy.22 One such strategy, hemodynamic-guided HF medical

management using information from fully implantable sensors, is

known to decrease hospitalization in previously hospitalized, persist-

ently symptomatic patients. The CardioMEMS Heart Sensor Allows

Monitoring of Pressure to Improve Outcomes in NYHA Class III Heart

Failure Patients (CHAMPION) trial demonstrated 33% reduction in

hospitalizations after an average of 31 months of clinical trial follow-

up.23,24 Integration of this monitoring strategy, including the infra-

structural needs and time dedicated to monitoring patients into actual

clinical practice, was not well described in the CHAMPION trial. This

study outlines implementation and initial outcomes of hemodynamic

monitoring of patients with HF and an indication for the PA

pressure-sensor system used in the CHAMPION trial in an organized

HF disease-management program.

2 | METHODS

2.1 | Center description

The Northwell HF disease-management program is a stand-alone

facility operating as part of a tertiary-care hospital. The cardiology

group consists of 20 cardiologists, mostly interventionalists and elec-

trophysiologists, with one board-certified advanced HF cardiologist.

The advanced HF cardiologist’s responsibility includes providing

expert inpatient consultation for referred patients hospitalized with

acutely decompensated HF, which usually averages about 30% of the

4000 annual acutely decompensated HF hospitalizations in the sys-

tem. Two other full-time registered nurses (RNs) are employed to

support the advanced practice cardiologist in outpatient manage-

ment. One RN assists full-time in face-to-face office visits, and the

second full-time RN is dedicated to telephone triage of outpatients

for remote management. This individual answers approximately 30 to

40 telephone calls daily and follows medication algorithms. Tele-

phone calls after hours and on weekends are taken by group nurses

with scripted interactions and email communication with the

advanced HF cardiologist. Finally, the program offers a same-day visit

slots 3 days per week for acutely ill patients.

The center does not provide advanced therapies, such as left ven-

tricular assist device implantation or cardiac transplantation. Electrophy-

siologic support is available for implantation of cardiac resynchronization

therapy and implantable cardioverter-defibrillator interventions. Device

diagnostics are followed in both electrophysiology and HF clinical set-

tings utilizing the common electronic health records.

2.2 | Usual care

Patients who receive inpatient expert HF consultation are followed

up with a visit within 7 days of discharge. Monthly auditing of com-

pliance to this metric is monitored by the clinic’s administration, with

100% compliance to 7-day face-to-face follow-up. All patients are

assessed for guideline-recommended medication and device thera-

pies, and each is instituted in line with evidence supporting their use.

Particularly, neurohormonal antagonists are titrated to doses used in

clinical trials, when tolerated. All medical therapies are instituted for

≥3 months before device therapies are considered.

Once appropriate neurohormonal antagonism and device thera-

pies are established at maximized dosing and settings, patients enter

a chronic management phase in which frequent follow-up and moni-

toring of weights and symptoms are performed utilizing both remote

monitoring and face-to-face visits. The program currently has approx-

imately 360 patient visits per month, usually follows ≥5 inpatient

consultations daily, and receives approximately 30 to 40 telephone

calls from outpatients daily. If intervention falls outside the standing-

order algorithm, information is then sent by email to the HF physi-

cian, who responds to the telephone triage RN for relaying informa-

tion and action items back to the patient. Outpatient telephone calls

made after normal office hours are received by central operators,

who identify the patient as being followed in the HF disease-

management program. The treatment plan is then relayed back to the

patient by the after-hours operator. A copy of the email order is then

placed in the patient’s electronic health record.

Returning-patient office visits are scheduled for 20 minutes each,

whereas new patients are scheduled for 1 hour. Each new-patient

office visit includes a 6-minute hall walk test (6MWT) and baseline

Minnesota Living With Heart Failure Questionnaire. These assess-

ments are periodically repeated and tabulated to determine progress.

Patient expectations in the long-term management of their HF dis-

ease syndrome are clearly outlined, including the expectation for daily

weight measurements, management of prescription refills, and instruc-

tions about when to call the office. Dietary consultations are offered to

each new patient, along with psychological support to deal with the HF

diagnosis. Additionally, the center emphasizes including family members

in all educational activities, along with a social assessment.

2.3 | Identifying hemodynamic-monitoring
candidates

Patients considered for long-term hemodynamic monitoring are gen-

erally identified while being hospitalized for HF, especially if the
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patient has a history of predominantly New York Heart Association

(NYHA) class III symptoms despite maximal medical and device thera-

pies. Information on hemodynamic monitoring in general, with details

about the implantation procedure, risks, benefits, and alternatives, is

presented before discharge. A new discussion about recommendation

for use of an implantable hemodynamic monitoring system is made if

the patient persistently has class III HF symptoms during the post-

discharge visit. In addition to identifying appropriate inpatients, some

patients are referred to the center specifically for hemodynamic

monitoring.

Details about implanting the hemodynamic-monitoring sensor

and the system for uploading information from the sensor are out-

lined in previous publications.23–31 At the time of implantation,

details discussed during previous conversations are reiterated to both

the patient and the family support group, including determining

whether the patient resides in an area with cellular telephone cover-

age or if a landline will be required. Risks of the procedure are out-

lined based on results from the CHAMPION trial.23 In addition to

procedural risks, patients and their families are informed of their

responsibilities to upload daily information as part of their new rou-

tine for HF disease management. Medication lists are reviewed and

verified with the patient, and specific medications most likely to be

adjusted remotely are identified to the patient and the family (gener-

ally, diuretics and vasodilators). The patients are instructed that they

will not hear from the center with every upload, but only when medi-

cations must be changed to maintain their stability. The family mem-

bers and the patient must demonstrate proficiency in setting up the

interrogation unit and successful interrogation of the implanted

device prior to discharge. Telephone numbers for troubleshooting are

provided to the patient and family. Patients’ anticoagulation needs

are assessed and dual antiplatelet therapy (DAPT) is instituted for

30 days after implantation, if it was not already indicated. The con-

cordant control group used for comparison in this study consisted of

patients who were previously hospitalized and had persistent NYHA

class III symptoms but had contraindication to sensor implantation—

such as an active infection, inability to tolerate DAPT, or morbid

obesity—or who did not provide informed consent. All control-group

patients received usual care in the organized HF disease-management

program.

2.4 | Hemodynamic-monitoring workflow

Medical management of hemodynamic information starts with infor-

mation from the right heart catheterization, specifically evaluating the

PA diastolic pressure, pulmonary capillary wedge pressure, right atrial

pressure, and transpulmonary gradient as a marker of resistance. The

goal of this evaluation is to determine what the baseline pressures

are and what component, volume and/or resistance, would be tar-

geted with subsequent medication changes.

After discharge, patients then upload daily from home to begin

the process of chronic hemodynamic monitoring. Particular attention

is given to hemodynamic trends in patients whose medications were

recently changed to determine need for personalization of hemody-

namically active medications, primarily diuretics and vasodilators.

When reviewed pressures are stable and at goal, the management

team reevaluates neurohormonal intervention to ensure maximal tar-

get dosing is achieved. Pressure targets and medication-change cri-

teria are outlined in the Table 1.

2.5 | Time and resource dedication

No new employees have been added to the existing HF management

program to accommodate hemodynamic-monitoring information flow.

At odds with the methods of the CHAMPION trial,25 which asked

investigators to weekly review daily uploads, this center’s routine is

to review pressures daily. The RN assigned to assist in face-to-face

clinic visits reviews pressures each weekday from the patient care

network website (http://www.Merlin.net) of the hemodynamic sen-

sor manufacturer (St. Jude Medical Inc., Sylmar, California) and tran-

scribes the daily pressures into a spreadsheet. Pressures that are out

of range or trending upward according to the protocol are identified.

This spreadsheet is then reviewed with the advanced HF cardiologist,

with new orders relayed to the nurse, who then communicates to the

patient. Pressure trends are analyzed, and an actionable rise is consid-

ered present when PA diastolic pressures are persistently ≥3 mm Hg

above baseline for 3 days. The manufacturer’s website allows the

user to determine pressure thresholds that trigger automatic email

notification of pressure excursions above or below the threshold.

Automatic-notification emails are sent to the HF physician, who

reviews them and calls patients, if needed, on weekends or holidays.

The website also has a section to record medications, which is

updated regularly, along with brief notations on the webpage of any

change in medication or other intervention. All therapy delivery-

device diagnostics (cardiac resynchronization therapy or implantable

cardioverter-defibrillator) from the hemodynamic sensor’s manufac-

turer are also displayed on the webpage for time-synched review.

2.6 | Patient population

For the current analyses, the first 34 hemodynamically monitored

patients to reach 6 months of follow-up were assessed and compared

with 32 patients with an indication for hemodynamic monitoring but

who were unable to undergo sensor implantation. The reasons an

implant could not be offered were inability to tolerate DAPT agents,

morbid obesity, glomerular filtration rate <25 mL/min/1.73 m2, and

refusal to consent. This group received usual care delivered at the

center as described and served as a comparison group.

2.7 | Outcome parameters

All patients were assessed at baseline and functional parameters

were compared after 90 days of follow-up. Functional parameters

including NYHA symptoms class, 6MWT, and renal function were

evaluated using 2-sided, 2-sample t tests and paired t tests with a 5%

level of significance. Hospitalizations were evaluated in the moni-

tored group using patients as their own controls by comparing their

rate of HF hospitalization over an average follow-up of 15 months to

their rate in the year prior to implantation using a 2-sided, 1-sample

test of Poisson rates.
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3 | RESULTS

As of January 13, 2016, seventy-seven patients who met the US

Food and Drug Administration–approved indication for hemodynamic

monitoring underwent sensor implantation. All patients were success-

fully implanted with the sensor, and no sensor failures have occurred.

No short-term or long-term complications associated with implanta-

tion of the hemodynamic sensor have been identified after the first

77 implantations. The first implantation was in August 2014 and the

last was on January 13, 2016, which equates to 1.05 implantations

per week for a total of 73 weeks. During this time, the HF disease-

management program evaluated a total of 500 individual inpatients

with acutely decompensated HF.

Demographic information concerning the first 34 hemodynami-

cally monitored patients to reach 90 days of follow-up and the con-

comitant usual-care patients is presented in the Table 1. All patients

had NYHA class III symptoms and a previous hospitalization in the

past 12 months in accordance with FDA indications. More patients in

the usual-care group were female (41% control vs 24% treatment).

Most patients had HF with reduced ejection fraction.

3.1 | Hospitalization rates

All patients were hospitalized in the previous 12 months prior to sen-

sor implantation. During the average of 15 months following implan-

tation, in the 31 patients in the monitored group with complete pre-

and post-implant hospitalization records (37.3 patient-years of

follow-up), only 6 monitored patients required rehospitalization for

HF (0.161; 95% confidence interval: 0.06-0.35 hospitalizations/

patient-year) compared with their rate in the year prior (1.0 hospitali-

zations/patient-year; P < 0.001). This translated into an 84% lower

HF hospitalization rate compared with the time period during which

PA pressures were unmonitored (Figure 1).

3.2 | Functional assessments

NYHA symptom class improved significantly in the monitored group

(−0.74 � 0.67 average change) compared with the usual-care group

(−0.13 � 0.34 average change, P < 0.0001; Table 1, Figure 2). Sixty-

three percent of monitored patients improved ≥1 NYHA

classification, compared with 12.5% of the usual-care group

(P < 0.002). Conversely, 38% of the monitored group had no

improvement in NYHA classification, which was lower than the 88%

of usual-care group patients with no improvement in symptoms class

(P < 0.0001; Table 1). Fifty percent of monitored patients improved

to NYHA class II, whereas 12% improved to NYHA class I. In contrast,

12% of patients in the usual-care group were class II after 6 months

and none were class I (Figure 2).

No difference in 6MWT was seen at baseline between the moni-

tored (253.0 � 25.6 meters; range, 31–472 meters) and usual-care

(276 � 18 meters; range, 90–457 meters; P = 0.41) groups. The

6MWT distances increased by 54.5 meters in the monitored group

after 90 days of treatment (307.4 � 26.3 meters; range of increase,

38–600 meters; P < 0.005), whereas the usual-care group had no

functional improvement (278.3 � 19 meters, difference of

+2.3 � 8.4 meters; P = not significant; Figure 3).

3.3 | Time allocation for hemodynamic monitoring

All implantations were performed by the HF physician in a hospital-

based cardiac catheterization laboratory. The typical implantation

required approximately 30 minutes of catheterization laboratory time.

Approximately 30 minutes of post-implantation education was pro-

vided by nursing personnel to each patient and his or her family

members. Daily reviews of the 77 monitored patients requires

approximately 1 hour of dedicated RN time and 20 minutes of the

HF physician’s time. This time allocation was determined by sampling

the first 10 reviews and multiplying by the exponential equivalent per

additional 10 patients.

4 | DISCUSSION

This case series with comparison to concomitant control demon-

strates that integrating implantable hemodynamic monitoring into a

comprehensive HF disease-management program significantly

reduces hospitalizations when compared with usual care. Data from

this study are important, as they address several important questions

not answered in the CHAMPION trial. In fact, the first-year implant

volumes at this center were higher than any single center achieved in

TABLE 1 Improved QoL scores and exercise capacity with remote PAP monitoring in patients with chronic HF

Monitored Group Usual-Care Group P Value

NYHA class improvement −0.74 � 0.67 −0.13 � 0.34 <0.00011

Patients with no NYHA improvement, % 38.2 87.5

Patients with NYHA class improvement, % 61.8 12.5

Patients with improvement of 1 class 50.0 12.5

Patients with improvement of 2 classes 11.8 0.0

HFH events, n 1 10

Patients with a HFH, n (%) 1 (2.9) 6 (18.8)

Rate of HFHs/patient-year 0.119 1.268 IRR: 0.094, 95% CI: 0.002-0.662, P = 0.00492

Abbreviations: CI, confidence interval; HF, heart failure; HFH, heart failure hospitalization; IRR, incidence rate ratio; NYHA, New York Heart Association;
PAP, pulmonary artery pressure; QoL, quality of life.
1 P value from 2-sample, 2-sided t test.
2 IRR, CI, and P value from Poisson test of rates.
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the CHAMPION trial. Additionally, resources needed to perform

hemodynamic monitoring as described in the protocol were not avail-

able from the CHAMPION trial. Methods in place at this center were

developed based on the CHAMPION protocol25 and are expected to

be reproducible at other centers.

Hemodynamic-guided HF management was achieved in the

Northwell system without adding new employees; it was accom-

plished by reallocation of time that was already being spent managing

HF patients. The impact of hemodynamic-guided HF management in

this busy center resulted in significant reduction in subsequent hospi-

talizations, improved NYHA symptoms classification, and improved

functional status as measured by the 6MWT. These data are impor-

tant, as symptom-change and functional-status parameters were not

reported in the CHAMPION trial.

Additionally, the CHAMPION trial was performed in 64 centers

with locally constructed HF disease-management programs. The

FIGURE 1 HF hospitalization rates before

hemodynamic monitoring (blue bar, n = 31)
and after hemodynamic monitoring (red
bar, n = 31). Abbreviations: HF, heart
failure; HFH, heart failure hospitalizations.

FIGURE 2 Change in NYHA symptom

classification in patients with
hemodynamic monitoring (left panel)
compared with those receiving usual care
(right panel). Abbreviations: NYHA,
New York Heart Association.

FIGURE 3 Changes in 6-minute walk test after 90 days of usual care

(n = 32) vs those patients who underwent hemodynamic monitoring
(n = 32). The difference between groups was significant (P < 0.005).
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exact metrics of these centers were not reported, which makes “usual

care” difficult to quantify in the trial. The benefit of the current study

is that “usual care” was clearly described in detail. Despite a rigorous

program of monitoring weights and symptoms in this center, hemo-

dynamic monitoring had a superior outcome. These findings seem

consistent with large prospective HF-management trials focusing on

intense telemonitoring of weights, signs, and symptoms of worsening

HF to provide an opportunity to intervene earlier and prevent hospi-

talizations. These trials consistently demonstrate no impact on HF

hospitalizations, even after randomizing >6000 patients in prospec-

tive evaluation.15–21 It is not surprising, then, that intense monitoring

of these parameters in the usual-care group in this study was associ-

ated with a residual high risk for hospitalization.

4.1 | Study limitations

Rigorous data collection and evaluation in the current study were

employed for internal evaluation of the value of instituting a remote

hemodynamic-monitoring service at this institution. The concomitant

control group was not the result of randomization, and the clinical

reasons for not undergoing sensor implantation may limit comparison

of hospitalization rates between groups. Event rates in the usual-care

group after 6 months of follow-up (0.63 events/patient/6 months)

were numerically higher than reported rates in the CHAMPION con-

trol group (0.44 events/patient/6 months).23 However, functional

status assessed by 6MWT and NYHA classification, along with base-

line demographics, were reasonably balanced between groups at

baseline. The magnitude of event-rate reduction noted should be

interpreted with these limitations in mind.

5 | CONCLUSION

Implementing remote hemodynamic monitoring in a real-world set-

ting of a comprehensive HF-management program is efficient and

can be accomplished with thoughtful reallocation of infrastructural

resources already in place to manage these patients. Important clini-

cal outcomes in a real-world setting can be of similar magnitude, as

predicted by the results of the CHAMPION clinical trial. Hemody-

namic monitoring of indicated patients is a novel technology that aids

in the successful management of HF patients with persistent NYHA

class III symptoms and a previous hospitalization.
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